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Abstract:  
Recent studies show that people exhibit a reduced decision bias in a foreign language 
relative to their native language. However, the underlying mechanism remains 
unknown. Using functional magnetic resonance imaging (fMRI) combined with an 
even-probability gambling task in which gambling feedback was presented in either a 
native language or a foreign language after each decision, we assessed the neural 
correlates of language modulated behavioral changes in decision making. In both 
foreign and native language contexts, participants showed a behavioral pattern 
resembles the Gambler’s fallacy that losing a gamble leads to more betting than 
winning a gamble. While there was no language difference in gambling, bilateral 
caudate and amygdala gain signals were exaggerated by foreign language in relative 
to native language, suggesting that foreign language enhanced neural responses to 
rewards. Moreover, the individual difference in foreign language-induced Gambler’s 
fallacy-like decision bias was associated with activation in the right amygdala and 
ventromedial prefrontal cortex, as well as functional connectivity between right 
amygdala and right putamen/right posterior insula. Our results confirm that outcome 
processing in emotion-related regions may underlie individual differences in foreign 
language effects in judgment and decision making. 
 
Keywords: bilingualism; foreign language; decision making; functional magnetic 
resonance imaging (fMRI); emotion 
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1. Introduction 
 
Approximately half of the world’s population are bilingual or multilingual (Bialystok et 
al., 2012; François Grosjean, 2010; Marian and Shook, 2012). In the US, over 20% of 
the population speak a foreign language at home other than English 1 . These 
individuals often occupy careers where accurate decision making is vital, including 
financial, medical, education, and politics vocations. Recently, researchers have 
proposed that using a foreign language to present information can reduce decision 
bias such as framing effect, loss aversion and hot hand fallacy (Costa et al., 2014a; 
Gao et al., 2015; Keysar et al., 2012), known as the Foreign Language Effect (for 
reviews see Costa, Vives, & Corey, 2017 and Hayakawa, Costa, Foucart, & Keysar, 
2016). Its impact is also evident in the context of moral judgments and choices (Corey 
et al., 2017; Costa et al., 2014b; Geipel et al., 2016, 2015a; Hayakawa et al., 2017; 
Muda et al., 2018). On the whole, it seems like the use of a foreign language makes 
people more coolly objective than in their native tongue when making decisions and 
judgments. Here we investigate whether and how using a foreign language to present 
information influence people’s risk decision-making processes. 
 
1.1 Theories of foreign language effect 
 
Emotion-reducing hypothesis 
Most of the work on foreign language effect interpreted their findings from a reduction 
in emotional responses (Costa, Foucart, Arnon, et al., 2014; Costa, Foucart, 
Hayakawa, et al., 2014; Hayakawa et al., 2017; Keysar et al., 2012). This hypothesis 
builds on evidence that messages processed in a foreign language usually elicit a 
milder emotional response than those processed in a native tongue (Dewaele, 2004; 
Harris, 2004; Harris, Ayçiçeǧi, & Gleason, 2003; Hsu, Jacobs, & Conrad, 2015; 
Iacozza, Costa, & Duñabeitia, 2017; for a review see Pavlenko, 2012). The emotional 
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distance triggered by a foreign language is believed to weaken the fast, heuristic 
decision making and promote more analytical thinking, thus to reduce decision biases 
(Costa et al., 2014a; Keysar et al., 2012). The absence of foreign language effect in 
emotion neutral tasks, such as cognitive reflection task (Costa et al., 2014a) and the 
Moses illusion task (Geipel et al., 2015a) added evidence to the emotion-reducing 
view of foreign language effect. 
 
Positive bias hypothesis 
However, several studies have shown that emotional distance in a foreign language 
may be restricted to negative words and is not the case for positive words (Conrad et 
al., 2011; Sheikh and Titone, 2016; Wu and Thierry, 2012). For example, reading a 
positive or neutral word in a foreign tongue activates its native language equivalent, 
whereas reading a negative word does not (Wu and Thierry, 2012). It may be that a 
foreign language is usually learned and used through social interactions that are often 
pleasant (Caldwell-Harris, 2015; Sheikh and Titone, 2016). For example, 
endorsement expressed in English elicited larger SCRs than in Mandarin for 
Chinese-English bilinguals (Caldwell-Harris et al., 2011). Besides, research on human 
judgment of risks and benefits demonstrated that using a foreign language promoted 
overall positive affect and reduced risk perception (Hadjichristidis et al., 2015). Taken 
together, using a foreign language may produce a positivity bias. 
 
1.2. The Gambler’s fallacy 
 
People learn from experience and modulate their choices according to previous 
decision outcomes. Individuals tend to take more risks after losses than after wins 
(Ayton and Fischer, 2004; Brevers et al., 2017, 2017; Campbell-Meiklejohn et al., 
2008; Dong et al., 2014; Losecaat Vermeer et al., 2014; Tversky and Kahneman, 
2016; Xue et al., 2011), a pattern resembling the Gambler’s fallacy (GF). GF refers to 
a misconception that a certain random event is less likely to happen after a series of 
the same event. It should be noted that the pattern of increased risk-taking following 
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losses and decreased risk-taking following wins is known as “loss chasing” (Brevers 
et al., 2017; Campbell-Meiklejohn et al., 2008). However, considering that continued 
risk taking after losses has a similar pattern to the GF and arises from the GF 
cognitive bias (Dong et al., 2014; Xue et al., 2011), in this study, we termed this 
behavioral tendency as the “GF-like behavior” (Xue et al., 2011).  
Unlike most of the decision biases, which are supported by the emotional and 
intuitive system (Stanovich et al., 2000; Tversky and Kahneman, 1974), GF or GF-like 
behavioral patterns (e.g., the tendency to take more risks after losses than after wins) 
are believed to be associated with strong cognitive control ability and weak affective 
decision-making (Huang et al., 2019; Xue et al., 2012b, 2012a, 2011). For instance, 
individuals with stronger affective decision-making capacity, as measured by the Iowa 
gambling task (IGT), showed less GF, while those with stronger cognitive control 
ability, as reflected by higher working memory capacity, showed more GF (Huang et 
al., 2019; Xue et al., 2012a). 
 
1.3. Study aims and predictions 
 
Here, we used functional magnetic resonance imaging (fMRI) to explore the neural 
basis of foreign language effect on risky decision-making, using a gambling task that 
induces the GF-like behavioral pattern (Gao et al., 2015). Participants were asked to 
choose to play or leave (not play) gambles with a 50% chance of winning. The 
feedback was presented immediately after each choice in either a native tongue or a 
foreign language. Emotionally charged words, such as “great” or “damn”, were used 
to elicit emotional reactions to these words. The feedback words are simple, 
high-frequency, and easy to understand. This minimizes the potential confounds of 
complex language materials, e.g., heightened cognitive load and the anxiety caused 
by processing foreign language (Chan et al., 2016; van Hugten and van Witteloostuijn, 
2018). 
According to the emotion-reducing hypothesis, lower activations in emotion-related 
brain areas should be observed in the foreign language context. Specifically, in the 
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foreign language condition, neural regions implicated in reward processing, such as 
ventral striatum (Schultz et al., 1997) and ventral medial prefrontal cortex (vmPFC, 
Winecoff et al., 2013) should be less activated when processing positive feedback. 
Similarly, brain areas involved in processing losses, like anterior insula 
(Samanez-Larkin et al., 2008) should be less activated when processing negative 
feedback. This neural pattern will be associated with more GF-like biases due to 
weakened affective decision-making. However, if the positive bias hypothesis is the 
case, we should observe higher brain sensitivity to positive feedback in reward 
processing brain regions in the foreign language context, and this may correspond to 
more gambling options, given that positive affective state is often associated with 
more positive expectations, reduced risk perception and less risk aversion (George 
and Dane, 2016; Moore and Chater, 1999). 
 
2. Materials and methods 
 
2.1. Participants. Thirty-two Chinese-English bilinguals (15 females, 20.4 ± 2.25 
years) participated in the present experiment. They were paid for their participation. 
All participants were right-handed. They had a normal or corrected-to-normal vision 
and were free of neurological diseases. Participants began to learn English at 
approximately age 8 (SD = 2.4), and had no experience of studying abroad. All the 
participants were Chinese-dominant bilinguals. They rated their own English reading 
proficiency on average at 5.57 (SD = 1.29); and their Chinese reading proficiency on 
average at 8.60 (SD = 0.87) (on a scale of 1, not literate, to 10, very literate). This 
study was approved by the local Ethics Committee. All participants gave written 
informed consent before participating in the experiments. Data from two participants 
were not included in statistical analyses because of excessive movement artifact (> 3 
mm in translation and framewise displacement (FD) of more than 10% of the volumes > 
0.5°in rotation). One more participant was also exc luded due to poor performance on 
catch trials, i.e., the averaged proportion of choosing “play” on catch trials was lower 
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than 80%. 
2.2. Stimuli. In accordance with a previous study (Gao et al., 2015), there were five 
potential gain values (+100, +80, +60, +40, and +20) and five potential loss values 
(-50, -40, -30, -20, and -10). Each gain value was paired with one loss value so that 
there were twenty-five possible risky bets. It is believed that this range of gambles 
could elicit a wide range of risk attitudes (Tom et al., 2007). As people are more 
sensitive to losses than to equivalent gains, the subjective impact of losses is roughly 
twice that of gains (Abdellaoui et al., 2007; Tom et al., 2007; Tversky and Kahneman, 
1992). Therefore, the loss magnitude should be doubled when calculating the 
expected value (EV) for losses. Finally, for the 25 risky bets, there were 5 bets with EV 
of 0, 4 with EV of 20 (-20), 3 with EV of 40 (-40), 2 with EV of 60 (-60), and 1 with EV 
of 80 (-80). 
In addition, each of the five gain values was paired with zero losses to produce five 
safe bets, e.g. 50% chance of winning ¥80 and 50% chance of losing nothing. 
Participants should always choose to play in these catch trials. Five catch trials were 
presented twice in each language condition. Participants who chose “play” less than 8 
trials in each language condition were excluded from further analysis. These catch 
trials were not included in the following statistical analysis. Every gamble consisted of 
a sign and a number representing the potential gain or loss displayed to the left or 
right of a horizontal bar symbolizing a 50/50 chance of either winning or losing (Figure. 
1). 
The feedback words used were ten English words and ten Chinese words, see 
Table 1. The English words were adjectives with high homogenous lexical frequency 
(Coltheart, 1981). The mean affective valence (positive = 7.44, negative = 3.31; p < 
0.001) and arousal (positive = 4.19, negative = 4.49; p > 0.1, Warriner, Kuperman, & 
Brysbaert, 2013) was controlled. The Chinese words were the best translation 
equivalents of these English words. Thirty college students (15 females, 20.23 ± 1.55 
years) from local community were recruited to rate the words. They were 
Chinese-dominant bilinguals and began to learn English at about age 8.00 (SD = 
0.87). They had no experience of studying abroad. The result showed no statistically 
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reliable differences between languages on measures of valence, arousal, or 
familiarity. 
2.3. Procedure. Before taking part in the formal experiment, participants completed a 
lexical test. Only those who correctly translated all the English words into Chinese 
participated in the subsequent fMRI scanning. Then, eight practice trials were given to 
ensure they were familiarized with the task prior to fMRI scanning. All instructions and 
stimuli were presented using E-prime 2.0 on a Dell laptop and were viewed by 
participants through a mirror mounted on the head coil in the MRI scanner. 
Participants put their fingers on the numerical response box, i.e., left thumb on “2”, 
right thumb on “3”. In addition to a base payment (￥?50, about $ 7.5), participants 
were told that 40% of the gambles they chose to play would be randomly selected to 
calculate their final reward. Every ten points accumulated equated to one RMB yuan 
(about 15 cents). 
In the scanner, participants were presented with two sessions of 110 trials. For one 
of the sessions, the feedback was given in Chinese and the other was given in 
English. Session order was randomized and counterbalanced across participants. In 
each session, the 25 risky bets were presented four times in a pseudorandomized 
order together with five safe bets, each appearing twice. 
During each trial, a fixation point “+” was presented for a random duration between 
1 s and 5 s followed by a risky bet. The gamble options “play” and “leave” were 
randomly presented on two sides of the horizontal bar. Participants were asked to 
indicate whether they wanted to play or not each bet by pressing one of the response 
keys (“2” for the left-side option, “3” for the right-side option) within 4 s. The selected 
option was highlighted for the rest of 4 s. If the choice was “play”, the feedback was 
provided for 2 s in the form of a printed word followed by the corresponding numerical 
outcome, displayed for 1 s. If the choice was “leave”, the feedback was the words 
“leave” or the equivalent words in Chinese and the numerical outcome was zero. If no 
response was made within the allotted time, the words “Time’s up” or the equivalent 
phrase in Chinese was displayed for 1 s. 
2.4. Data collection. All images were acquired using a 3T MRI scanner (Siemens 
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Medical Solutions, Erlangen, Germany). Participants’ heads were secured to minimize 
movement using a 12-channel head-coil system. Functional scans were obtained 
using a single shot T2*-weighted gradient echo-planar imaging (EPI) sequence. The 
following scan parameters were used: 33 oblique axial slices, 3 mm-thickness; TR = 
2000 ms; TE = 30 ms; flip angle = 90°; FOV = 224 mm ; voxel size = 3 × 3 × 3 mm. T1 
weighted structural images were acquired at a resolution of 1 × 1 × 1 mm. 
2.5. Behavioral data analysis. Binary logistic regression was performed on 
play-or-leave choices, with play or leave decisions for each gamble as the dependent 
variable. The predictors included the language of feedback (using Chinese as 
referent), the size of potential gain, the size of potential loss, and two dummy 
variables representing the preceding feedback valence (using neutral feedback as 
referent). Two regressors representing the interaction between language and 
preceding feedback valence were also included. Reaction times were examined with 
equivalent standard regression analysis. Participants were modeled with random 
effects. β-value are reported with their standard errors (SEs). 
2.6. Imaging data analysis. Neuroimage data were preprocessed and analyzed 
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). The first four volumes were discarded 
to allow the MR signal to reach steady-state equilibrium. EPI images were since 
interpolated in time to correct for slice-timing differences and realigned to the first 
scan by rigid-body transformation to correct for head movements. Utilizing linear and 
nonlinear transformation, and smoothing with a Gaussian kernel of full-width-half 
maximum 6 mm, EPI and structural images were coregistered to the T1 MNI 152 
template (Montreal Neurological International Consortium for Brain Mapping). Global 
changes were removed by high-pass temporal filtering with a cutoff of 128 s to 
remove low-frequency drifts in the signal. 
At the first-level analyses, the general linear model (GLM) was performed on the 
native and foreign language sessions separately for each subject. The GLM included 
four regressors of interest representing the gamble option presentation (Onset is at 
the beginning of each gamble option presentation, duration = 0.) and the three 
feedback conditions, i.e., positive, negative, and neutral feedback (Onset is at the 
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beginning of each feedback word presentation, duration = 0.). The gamble option 
presentation regressor had three parametric modulators, i.e., the size of potential gain, 
the size of potential loss, and the preceding outcome. Six regressors were also 
included to account for residual motion-related signal changes after volume 
registration. Multiple linear regression was then run to generate parameter estimates 
for each regressor at every voxel. To examine the language effect, the contrast 
images of interest (i.e., positive versus (vs.) negative feedback; negative vs. positive 
feedback), from two languages were entered into paired-samples t-test for the 
second-level group analysis. Considering the potential effect of language proficiency, 
we included the self-rating foreign language (i.e., English) proficiency as a covariate in 
the group-level analysis. 
We next investigated whether individual differences in feedback-related brain 
activity were related to individual differences in the use of GF-like strategy between 
languages. We extracted beta values representing the cross-language difference in 
risk-taking behavior after negative vs. positive feedback (Chinese (negative vs. 
positive) vs. English (negative vs. positive) for each participant from the logistic 
regression model (behavioral d-GF). We conducted a whole-brain regression analysis 
on language effect using the behavioral d-GF as a covariate. Data from one 
participant were excluded from this analysis due to extreme behavioral d-GF value. 
In addition to conducting a whole-brain regression analysis, we further examined 
the feedback-dependent functional connectivity in each language and made a 
comparison between languages. Given that we found amygdala activation in the 
comparison between two languages, and we found a relationship between behavioral 
d-GF and the language effect at the right amygdala, we investigated 
feedback-dependent functional connectivity of the right amygdala with other regions 
using the PsychoPhysiological Interaction (PPI) (Friston et al., 1997; O’Reilly et al., 
2012). We first created a seed region using a 3-mm diameter sphere in the right 
amygdala [21, -6, -12] activated in positive vs. negative feedback contrast. At the 
first-level analysis, we applied a standard context-dependent PPI (Gitelman et al., 
2003) as follows. First, we extracted the first mean time series within the right 
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amygdala seed. We then created psychophysiological interaction term (PPI regressor) 
using element-by-element products of the extracted, deconvolved amygdala time 
series and a vector coding for the main effect of feedback valence (1 for positive 
feedback, -1 for negative feedback). This product was then reconvolved with the 
canonical hemodynamic response function (HRF) and entered as PPI regressor along 
with the feedback valence (psychological), right amygdala time series (physiological), 
and the head-motion (nuisance) regressors. Subject-specific PPI models were run, 
and contrast images were generated for positive and negative PPIs. Correlation 
between cross-language difference in feedback-depended functional connectivity and 
the behavioral d-GF was assessed in the whole-brain regression analysis with ranked 
overall behavior d-GF as a covariate. 
We reported only those clusters that survive cluster-level correction for multiple 
comparison (family-wise error, FWE; p < 0.05) over the whole brain and activations 
survived p < 0.05 FWE after small volume correction (svc) over priori regions of 
interest (ROIs), namely positive and negative outcome related regions: the ventral 
striatum (O’Doherty, 2004; 6mm sphere at ± 14, 10, and -10), the vmPFC (Winecoff et 
al., 2013; 10 mm sphere at ± 6, 34 and -16); the dorsal striatum (i.e., caudate, 
putamen), amygdala, and anterior/posterior insula defined by the corresponding 
automated anatomical labeling masks (Tzourio-Mazoyer et al., 2002). Because we 
found significant language effect in amygdala, for the PPI analysis, we defined 
striatum and insula as ROIs, considering their roles in emotion processing/affective 
decision making (Badgaiyan, 2010; Gu et al., 2013) and the important functional 
interactions between them and amygdala (Moraga-Amaro and Stehberg, 2012; 
Peters et al., 2013).The cluster forming threshold is at p < 0.005. For display purposes, 
all images are depicted at p < 0.005. 
 
3. Results 
 
3.1. Behavioral results 
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Participants tended to play more gambles as the size of potential gain increased (β = 
1.68 (0.05), p < 0.001). In contrast, they played fewer gambles as the size of potential 
loss increased (β = -1.68 (0.05), p < 0.001). Compared with neutral feedback, positive 
feedback decreased participants’ risk taking behavior (β = -0.28 (0.14), p < 0.05). 
Negative feedback had little impact (β = 0.05 (0.13), p > 0.05). No significant 
difference was found between languages, nor a significant interaction involving 
language, all ps > 0.05. 
  In order to get more information from the data, logistic regression model with four 
regressors (i.e., the size of potential gain, the size of potential loss, and two dummy 
variables representing feedback valence (using neutral as referent) was performed for 
Chinese and English conditions separately on play-or-leave choices. In both language 
conditions, participants tended to play more gambles as the size of the potential gain 
increased (Chinese, β = 1.77 (0.08); English, β = 1.63 (0.07), ps < 0.001) and played 
fewer gambles as the size of potential loss increased (Chinese, β = -1.71 (0.08); 
English, β = -1.70 (0.07), ps < 0.001). Compared with neutral feedback, positive 
feedback decreased risk-taking behavior in Chinese context (β = -0.32 (0.14), p < 
0.05), but did not affect risk taking in English context (β = 0.08 (0.13), p > 0.05); while 
negative feedback increased risk-taking behavior in English context (β = 0.28 (0.13), p 
< 0.05), but did not affect the risk taking in Chinese context (β = 0.02 (0.14), p > 0.05).  
Participants spent less time making decisions as the size of potential gain 
increased (β = -64.74 (5.34), p < 0.001), but took more time as the size of potential 
loss increased (β = 61.01 (5.48), p < 0.001). Participants were overall slower making 
their decisions in English relative to in Chinese context, β = 80.37 (19.25), p < 0.001. 
Compared with neutral feedback, participants’ responses following positive feedback 
(β = 16.21 (19.10), p > 0.05) or negative feedback (β = -1.87 (18.44), p > 0.05) were 
neither fast nor slow. There were no significant interactions between language and 
feedback valence on reaction times, ps > 0.05. Finally, we investigated the potential 
effect of self-rated foreign language proficiency by conducting regressions separately 
for play-or-leave choices and reactions times after adding the interaction between 
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language (using Chinese as referent) and English reading proficiency as a regressor. 
English proficiency did not impact the proportionated risky choices (β = 0.05 (0.06); p > 
0.05) and reaction times (β = 4.23 (8.23); p > 0.05) between languages. 
 
3.2. Neuroimaging results 
 
For both languages, positive feedback vs. negative feedback elicited widespread 
activations in the dopaminergic reward system including the striatal networks (i.e. 
ventral striatum, caudate, putamen), vmPFC, anterior cingulate cortex, and amygdala 
as shown in Table 2, consistent with their roles in processing gains (Haber and 
Knutson, 2010; Murray, 2007). Direct comparison of positive vs. negative feedback 
contrast between languages revealed significant higher activations in bilateral 
caudate (left, x = -15, y = 21, z = 9; t = 6.42, p < 0.001, FWE svc; right, x = 12, y = 18, 
z = 12; t = 4.46, p < 0.05, FWE svc) and bilateral amygdala (left, x = -21, y = -6, z = 
-12; t = 3.83, p < 0.05, FWE svc; right, x = 21, y = -6, z = -12; t = 4.61, p < 0.01, FWE 
svc) in English context than in Chinese context, see Figure 2.A. Negative feedback 
minus positive feedback elicited no significant brain activations in both languages. 
Including the English proficiency as a covariate didn’t change the main findings. 
We used behavioral d-GF as a covariate to modulate the effect based on 
cross-language difference (English-Chinese) in the positive vs. negative feedback 
contrast. People who were less likely to fall into the GF-like bias in English context 
had stronger activity in right amygdala (x = 30, y = -3, z = -15; t = 4.07, p < 0.001, 
FWE svc) and bilateral vmPFC (left, x = -3, y = 42, z = -12; t = 4.38, p < 0.05, FWE svc; 
right, x = 3, y = 39, z = -15; t = 5.56, p < 0.001, FWE svc) in response to previous 
positive vs. negative feedback, see Figure 2.B. No other significant brain activations 
were found in regression analysis. 
Using cross-language difference (English-Chinese) in positive vs. negative 
feedback contrast with the right amygdala as a seed and ranked behavioral d-GF as a 
covariate. We found enhanced activations in right putamen (x = 27, y = 18, z = 3; t = 
4.04, p < 0.05, FWE svc) and right posterior insula (x = 45, y = -3, z = 3; t = 4.13, p < 
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0.05, FWE svc) in foreign language condition, as shown in Figure 2.C. That is, those 
who had stronger feedback-dependent functional connectivity strength between right 
amygdala and right putamen/right posterior insula in foreign language context were 
less likely to fall into the GF-like bias. 
 
4. Discussion 
 
  Using an even-probability gambling task that manipulates gambling feedback on a 
trial-by-trial basis, the present study investigated how language modulates 
feedback-related brain activities and the subsequent risk-taking behaviors. Overall, 
participants showed a behavioral pattern resembling the GF that they were more likely 
to take a risk after losing a gamble than after winning a gamble. Although there was 
no language effect on GF-like behavior, compared with using a native language, 
positive vs. negative feedback provided in foreign language lead to higher activation 
in bilateral caudate and bilateral amygdala. Moreover, regression analysis showed 
that participants with higher activations in the right amygdala and bilateral vmPFC, as 
well as stronger feedback-dependent functional connectivity between right amygdala 
and right putamen/right posterior insula in the foreign language compared with the 
native language condition, tended to use less GF-like strategies in the foreign than in 
the native language. These findings demonstrated a modulation effect of language on 
neural responses to gambling feedback and its influence on subsequent risk-taking 
behaviors, providing novel evidence on the neural substrates of foreign language 
effect on risky decision making. 
  Our subjects showed a strong GF-like behavioral pattern in a simple gambling task 
offering even probabilities of winning and losing, as they bet significantly more after 
losing a gamble than after winning a gamble, even though wins and losses were 
governed purely by chance. However, a previous study (Gao et al., 2015) using the 
same paradigm found an opposite behavioral pattern that participants were more 
likely to take a risk after wins than after losses. This behavioral pattern resembles the 
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hot hand fallacy (HHF), which can be regarded as the counterpart to the GF. In the 
HHF, people tend to predict the same outcome as the previous event, known as the 
positive recency, while in the GF, people predict the opposite outcome of the previous 
event - negative recency (Ayton and Fischer, 2004). The GF pattern in our study was 
in conflict with the previous study showing HHF in the native language condition (Gao 
et al., 2015). We suspect that the discrepancy of results may derive from the culture 
differences between the two groups of samples. Subjects were native speakers of 
Chinese in both studies. However, our subjects were recruited from the local 
community in China and had few chances to experience western cultures; while Gao 
et al.’s subjects were recruited from the western community and had been exposed to 
English for more than decades on average. It is proposed that cultural values and 
beliefs play important roles in gambling behavior (see Raylu and Oei, 2004, for a 
review). Research exploring the cultural difference in gambling fallacies found that 
Asians (mainly Chinese) are more subject to the GF and less subject to the HHF than 
Euro-Canadians due to their different theories about change (Ji et al., 2015). 
Accordingly, we suspect that successful acculturation might be a potential reason to 
explain Gao et al.’s subjects’ higher preference for HHF than our subjects. 
Another difference between our study and Gao et al.’s research is that they found 
HHF only in the native language, whereas we found GF in both native and foreign 
languages, suggesting that a foreign language reduced the HHF but not the GF. 
Greater GF-like behavior is predicted by emotional attenuation and greater cognitive 
control because the decision maker needs to override the default inclination to avoid 
the prepotent win-stay, loss-switch response (Xue et al., 2012b). The HHF, on the 
other hand, may result from adherence to these (presumably emotionally-mediated) 
default inclinations. These results suggest that the foreign language becomes 
prominent when decision making is made based on heuristics rather than analytic 
thinking. This fits well with a previous finding that using a foreign language leads to a 
reduction of heuristic biases in decision making, whereas the foreign language effect 
is absent in logical problems that do not involve an emotional component (Costa et al., 
2014a). 


In this study, positive feedback in both languages activated the reward brain 
networks and more importantly, the activation was higher in the foreign language than 
in the native language condition. It suggests that, neurophysiologically, the emotion 
salience of gambling outcomes, specifically, the positive feelings, was amplified more 
in a foreign than in a native tongue. This finding contradicts the emotion-reducing 
hypothesis of the foreign language effect that emotion reactions are smaller in a 
foreign language than in a native tongue context (Costa et al., 2014a; Keysar et al., 
2012). However, it is consistent with the positive bias hypothesis that positive 
emotions are enhanced in the foreign language condition (Caldwell-Harris, 2015; 
Sheikh and Titone, 2016). Decreased emotionality in a foreign language is not 
invariably found (Ayiegi-Dinn and Caldwell-Harris, 2009; Caldwell-Harris et al., 2011; 
Harris, 2004; Schrauf and Rubin, 2007). Besides, studies on the mediation role of 
emotion on foreign language effect do not support the emotion-reducing hypothesis 
(Chan et al., 2016; Geipel, Hadjichristidis, & Surian, 2015b; Hadjichristidis et al., 2015; 
Morawetz, Oganian, Schlickeiser, Jacobs, & Heekeren, 2017). In contrast, previous 
research has demonstrated improved positive affect in foreign language condition 
(Caldwell-Harris et al., 2011; Hadjichristidis et al., 2015). One possibility is that 
learning and using a foreign language is usually in a friendly context. Negative words 
in a foreign tongue have few chances for emotional grounding (Sheikh and Titone, 
2016). Therefore, using a foreign language may produce a positive bias. Here, the 
results of our study support the view that foreign language may increase the neural 
responses to rewards. 
Subjects showed overall increased gambling in response to losses than to gains in 
both languages. Using neutral feedback as the referent, the foreign language 
feedback resulted in increased gambling in response to losses but no such change 
was found for losses in the native language. The native language feedback resulted in 
reduced gambling in response to gains but no such changes was found for wins in the 
foreign language. One possibility is that the baseline referents (i.e., gambling rates in 
neutral feedback condition) in the two language conditions were different. 
Comprehending a foreign language may be cognitively taxing, which may lead to 
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more deliberative thinking (Alter et al., 2007) and less risk taking even when 
feedbacks are neutral (Chandler and Pronin, 2012).  
  Regression analysis showed that differences in brain activation to positive vs. 
negative feedback between two languages, predicted the cross-language difference 
in the use of GF-like strategy. Specially, participants with enhanced right amygdala 
and vmPFC responses to gains vs. losses in foreign relative to native tongue were 
less likely to fall into GF-like bias in foreign compared with native language context. 
This result suggests a negative correlation between affective decision-making and the 
use of GF-like strategy, which is in accordance with previous findings. For instance, 
brain areas involved in affective decision-making (i.e., vmPFC, amygdala) are found 
to be negatively correlated with the GF-like patterns (Northoff et al., 2006; Xue et al., 
2011). Besides, patients with damage to emotion-related brain areas (e.g., amygdala, 
vmPFC, insula) showed increased risky behaviors after a series of losses (Shiv et al., 
2005). These findings suggest that the affective mechanism is important for 
overcoming the GF or GF-like bias. Here, we observed enhanced vmPFC and 
amygdala activation that was associated with less GF-like biases in a foreign 
language context. Stronger affective decision-making triggered by a foreign tongue 
may keep people away from the GF-like biases when using a foreign language to 
present gambling outcomes. 
Using PPI analysis, we found that cross-language difference in 
feedback-dependent amygdala-putamen/posterior insula functional connectivity was 
correlated negatively with the cross-language difference in the use of GF-like strategy. 
That is, stronger amygdala-putamen/posterior insula connectivity was associated with 
smaller GF-like bias in a foreign language than in native language context. 
Interactions between striatum and amygdala are of particular interest in 
reward-guided behavior. It is proposed that enhanced amygdala-striatum may 
contribute to poorer cognitive control and impulsive decision making, as gamblers 
showed an increase in functional coupling between striatum and amygdala when 
compared with controls (Peters et al., 2013). Insula is implicated in interoceptive 
awareness, urge processing, and risky decision making (Craig, 2009; Droutman et al., 
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2015; Naqvi and Bechara, 2010). It has been suggested that insula plays a key role in 
integrating interoceptive responses associated with prior experiences and its activity 
during decision making signals the urge for taking a risk (Xue et al., 2010). One 
possibility is that winning a gamble in foreign language context increased arousal, 
which is perceived as a feeling of urge to take a risk in the subsequent trial. Amygdala 
and insula have been shown to be highly interconnected anatomically (Mufson et al., 
1981) and functionally (Moraga-Amaro and Stehberg, 2012). The co-activation or 
connectivity of the two regions has been observed in many studies involving emotion 
processing (Bebko et al., 2015; Kober et al., 2008; Perlman et al., 2012; Stein, 2007). 
Our PPI results might reflect that differences in GF-like bias between languages 
involves changes in bottom-up affective decision-making rather than top-down 
controlled process. This distinction refers to whether the mechanisms driving the 
foreign language effect are rooted in quick, intuitive processes or rather in deliberative, 
cognitive processes. 
The current pattern of results suggests that using a foreign language may increase 
emotion reactivity, especially the positive emotions. Participants who showed stronger 
neural response to winning outcomes in a foreign tongue were less likely to fall into 
the GF-like bias in the foreign language context. It is possible that affective 
decision-making contributes to avoiding the GF-like bias by inhibiting deliberation. Our 
findings contribute to our understanding of the foreign language effect by illustrating 
how foreign language impacts the neural responses to feedbacks in decision making. 
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Figure 1. Experimental paradigm. First, the gamble options “play” and “leave” were 
presented. Participants determine whether they wanted to play or not each gamble 
within 4 s. The selected option was highlighted for the rest of 4 s. After that, feedback 
in either foreign language (English) or native language (Chinese) was provided for 2 s 
in the form of a printed word followed by the corresponding numerical outcome, 
displayed for 1 s. 
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Figure 2. (A) Bilateral caudate and bilateral amygdala were significantly more 
activated for positive vs. negative feedback in the English condition than in the 
Chinese condition. (B) Scatterplot of correlation between neural d-GF 
(cross-language (English-Chinese) difference in positive vs. negative feedback 
contrast) and behavioral d-GF (beta coefficient representing the cross-language 
difference (Chinese-English) in risky choices after negative vs. positive feedback) in 
the right amygdala and vmPFC. (C) Scatterplot of correlation between behavioral 
d-GF and cross-language (English-Chinese) difference in feedback-dependent 
(positive vs. negative feedback) functional connectivity between the right amygdala 
and right putamen/right posterior insula. Regression line and P value were computed 
with the use of whole-brain regression after removing one extreme data point from the 
analysis. ** indicating p < 0.01, *** indicating p < 0.001. 
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Table 1. Feedback words used in the gambling task 
 
Feedback 
emotional valence 
 
English 
 
Chinese 
Positive 
Good 很?好? 
Cool 真l行? 
Great 超?超? 
Excellent 好?棒?了? 
Wonderful 了?了?超? 
Negative 
Bad 糟好糟? 
Sorry 遗?憾? 
Sad 悲?催? 
Damn 真l可棒悲? 
Terrible 好?憾5了? 
Neutral Leave 了?超? 
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Table 2. Brain activations elicited in the positive vs. negative feedback contrast in both 
Chinese and English conditions (Cluster-forming threshold at p < 0.005, cluster-wise 
corrected, pFWE < 0.05. Asterisk indicates pFWE < 0.05 after small volumn correction). 
 
Regions Hemisphere Cluster size (voxels) Peak Coordinates MNI 
 (x, y, z) 
Peak intensity  
(T value) 
Positive > Negative     
Chinese     
Ventral striatum L/R 28 12 6 -15 5.08* 
Caudate L/R 20 12 9 -12 4.79* 
Putamen L/R 5 15 9 -9 4.18* 
Amygdala L 2 -18 0 -21 3.16* 
vmPFC L/R 24 6 39 -12 3.89* 
ACC L 258 -9 42 0 4.54 
IPL R 462 57 -45 51 3.79 
English     
Ventral striatum L/R 29 12 6 -6 4.69* 
Caudate L/R 136 12 15 12 5.58* 
Putamen L/R 69 -15 9 -3 4.78* 
Amygdala L/R 40 -18 0 -12 4.67* 
vmPFC L/R 34 3 36 -9 4.10* 
ACC L/R 5757 24 27 9 6.00 
Lingual Gyrus L/R 2073 -18 -90 -9 6.22 
MCC/PCC L/R 219 3 -45 36 4.02 
English>Chinese     
Caudate L/R 48 -15 21 9 6.42* 
Amygdala L/R 12 21 -6 -12 4.61* 
Sub-Gyral L 264 -36 -39 -3 5.22 
Negative > Positive     
none     
IPL, inferior parietal lobule. vmPFC, ventral medial prefrontal cortex. ACC, anterior 
cingulate cortex. MCC, middle cingulate cortex. PCC, posterior cingulate cortex. 
 
 
bilateral caudate and amygdala gain signals were exaggerated by foreign language 
foreign language effect was associated with activation in the right amygdala and 
ventromedial prefrontal cortex 
foreign language effect was associated with functional connectivity between right amygdala 
and right putamen/right posterior insula 
R. Yu developed the study concept. L. Zhen analyzed and interpreted the data under the supervision of R. Yu. L. Zhen drafted the 
manuscript, and R. Yu and D. Mobbs provided critical revisions. All authors approved the final version of the manuscript for submission. 
